We study 1s→2s(2p) excitation of hydrogen as a function of the nuclear charge of the projectile, Z P , for a fixed impact velocity, vϭ1.3 a.u., for which electron excitation, capture, and ionization are competitive processes. For this purpose, we have performed large ab initio close-coupling calculations using a molecular basis in the framework of the impact-parameter method. Excitation probabilities do not saturate when Z P increases indefinitely, in agreement with recent work of Janev and with theoretical evidence on the behavior of transition probabilities at high impact energies.
We study 1s→2s(2p) excitation of hydrogen as a function of the nuclear charge of the projectile, Z P , for a fixed impact velocity, vϭ1.3 a.u., for which electron excitation, capture, and ionization are competitive processes. For this purpose, we have performed large ab initio close-coupling calculations using a molecular basis in the framework of the impact-parameter method. Excitation probabilities do not saturate when Z P increases indefinitely, in agreement with recent work of Janev and with theoretical evidence on the behavior of transition probabilities at high impact energies.
PACS number͑s͒: 34.50.Fa
Charge dependence of single excitation cross sections in ion-atom collisions, at a fixed impact velocity, is a controversial subject that has received a renewed attention in the last few years ͓1͔. Many experiments have studied projectile excitation at intermediate energy using neutral targets ͓2-5͔. The measured Lyman x-ray cross sections, which are related to projectile excitation, are found to increase more slowly than predicted by the first Born approximation when the value of the target nuclear charge, Z T , is larger than that of the projectile, Z P . This slow increase of the cross sections has been referred to in the literature as saturation. However, from the measurement of Lyman x-ray cross sections it is difficult to analyze the excitation process itself, and to conclude whether excitation cross sections do exhibit saturation or not. As shown by Lüdde et al. ͓6͔ , with a many-electron approach using the formalism of inclusive probabilities. Lyman x-ray emission cross sections do not only correspond to single excitation but to an ensemble of ͑many-electron͒ processes leading to x-ray emission in the same frequency region of the spectrum. Moreover, in the range of intermediate impact velocities, target electrons have been found to play a crucial role in the production of radiative singly excited configurations. Although theoretical methods ͓2-4,7͔ based on the one-electron model yield results in good agreement with experiment, it has been found in ͓6͔ that the one-electron model breaks down for Z T уZ P .
In a different type of experiment involving high-energy collisions of bare nuclei with H and He targets ͓8,9͔, analysis of the excitation process in terms of the Janev-Presnyakov scaling rule ͓10͔ indicates that excitation cross sections do not saturate as a function of qϭZ P /Z T . Recently, and using an analytical fit to measured cross sections for qϾ1 in terms of scaled energies, Janev ͓11͔ has predicted that 1s→2 p excitation cross sections present a maximum at
where 2p is the transition energy and E is the collision energy. This maximum corresponds to larger values of q than those considered in ͓2-4,8,9͔.
In the same line, Martín and Salin ͓12͔ have calculated excitation probabilities in collisions between high-energy bare ions and He using a one-center expansion of the electronic wave function. They found ͑see also ͓13͔͒ that for a given impact parameter, the excitation probability passes through a maximum. We have integrated these probabilities for vϭ2 a.u. and the resulting cross sections present a maximum for qϭ2, in agreement with the value ͑q max ϭ2.3͒ obtained from ͑1͒.
The present work attempts to clarify the behavior of excitation cross sections by studying collisions of bare ions with hydrogen targets, thus eliminating many electron processes. We have chosen a nuclear velocity vϭ1.3 a.u. and 0.11ϽqϽ3, so that values of qϾq max of ͑1͒ are considered. At this velocity and for these systems capture and ionization compete with excitation and must be taken into account in the theory. For H-like target ions of charge Z T 1, the corresponding cross sections ͑with Z P ϭqZ T and for a velocity vϭ1.3ϫZ T ͒ are obtained by dividing our data by Z T 2 . The q range analyzed in this work corresponds to the one recently used in ͓5͔ to study Ar 16ϩ excitation with various neutral targets.
We solved the time-dependent Schrödinger equation in the impact-parameter approximation, for the nonrelativistic one-electron-diatomic molecule ͑OEDM͒ Hamiltonian. The scattering wave function was expanded in terms of the exact adiabatic eigenstates of the one-electron Hamiltonian ͑OEDM orbitals͒. Energies of and dynamical couplings between OEDM states were evaluated with the programs GRAVE and MEDOC ͓14͔. The set of coupled equations for the expansion coefficients was solved with the program SUPER-PAMPA ͓15͔. As we are interested in target excitation cross sections, the origin of electronic coordinates was placed on the target nucleus ͓16͔; then excitation amplitudes are given by the squares of the expansion coefficients associated to excitation channels. Ionization is taken into account in this treatment by including highly excited OEDM orbitals in the dynamical basis ͓17͔ which absorbs most of the ionization flux. The OEDM basis was increased until the 1s→2s,2p excitation cross sections converged; this procedure is justified because we are dealing with inner-shell 1s→2s(2p) excitations, and cross sections may be expected to approach the exact results in a similar way to ͓17͔. The basis sets used for each value of Z P is given in Table  I . A large number of OEDM orbitals is needed to achieve convergence when qу1 ͑up to 175 wave functions for qϭ3͒ for two reasons: first, the importance of ionization increases with Z P , so that more OEDM orbitals are needed to describe the ionization flux; second, the number of capture channels lying asymptotically between the entrance and the exit channels varies from zero for qϭ0.11, to 25 for qϭ3. Table I also includes the calculated 2s and 2 p excitation cross sections for vϭ1.3 a.u., which have been plotted vs q in Fig. 1 . For qϽ1, excitation proceeds mainly through a rotational coupling between the entrance and the exit channels, and capture has a minor relevance ͓see Fig. 2͑a͔͒ ; in contrast, for qу1, the direct process via rotational coupling is less efficient because capture states are dominantly populated in the way-in of the collision and feed excitation channels in the way-out ͓see Fig. 2͑b͔͒ . Figure 1 and Table I show that there is a maximum in both the 2s and 2 p excitation cross sections around qϭ2 and that they decrease slowly for larger values of q. For vϭ1.3 a.u. the agreement of our results with the cross sections predicted by Janev ͓11͔ ͑to an overall factor of 1.7͒, and with the value q max Ӎ2, obtained from ͑1͒ is excellent. Notice that from this equation the maximum for high collision energies obtains for much larger values of q, that is, for very asymmetrical systems.
Although there are no experimental results for the whole series of q values considered in this work, Schartner et al. ϩH(1s) at Eϭ40 keV/amu, which is very close to the impact energy considered here. These experimental cross sections, included in Fig. 1 , are in excellent agreement with our calculated values. Moreover, the agreement between the present 2p cross section ͑scaled in the way mentioned above͒ with the Lyman x-ray cross sections reported in ͓5͔ for qϽ1 ͑where a meaningful comparison with a one-electron model is allowed, see Ref. ͓6͔͒ is also very good.
In Fig. 3 we have plotted the transition probabilities multiplied by the impact parameter bP 2s and bP 2p as functions of b. For qр1 all these probabilities exhibit a maximum around bϭ1 a.u. ͑for 2s excitation͒ and bϭ2.5 a.u. ͑for 2p excitation͒ and the magnitude of this maximum increases with q. For qϾ1 the mechanism changes: the probability decreases at small impact parameters, the position of the maximum shifts to larger impact parameters, and its magni- tude decreases. This behavior is identical to that observed in ͓12͔ at higher energies, except that now the transition from one mechanism to the other takes place at smaller values of q. For the collision velocities investigated in ͓12͔, charge exchange is small or negligible and the decrease of excitation probabilities at small impact parameters is exclusively due to an enhancement of ionization for large q. Although the decrease of the excitation probability in the present case is due to both electron capture and ionization, it was shown ͓17͔ that in the molecular picture ionization proceeds via charge exchange channels, so that the general behavior of the excitation probabilities is similar to that found at higher energies. Since the number of states which are significantly populated at small impact parameters increases with q, the probability describing excitation to a given state decreases. This explanation is supported by the fact that ''total electron-capture ͑tec͒'' probabilities, bP tec (b), increase with q in the whole range of q values investigated here and exhibit a maximum at lower impact parameters than single excitation probabilities ͑see Fig. 4͒ .
In summary, we have performed large ab initio closecoupling calculations of excitation cross sections at intermediate velocities using a molecular expansion of the electronic wave function in the impact-parameter approximation. Our results show that target excitation cross sections increase with projectile charge up to qӍ1, where they present a maximum, and then slowly decrease for larger values of this ratio. For small q values excitation is governed by a direct transition between the ͑rotationally coupled͒ entrance and exit channels, whereas for larger q capture states populated in the way in of the collision share part of their population with excitation channels in the way out. Consequently, excitation cross sections do not ''saturate,'' in the sense that they do not become strictly constant, in agreement with ͓11͔; we also confirm the behavior of excitation probabilities recently found in ͓12͔ at higher collision velocities.
